Research in ContextEvidence before this studyAlthough sulfur amino acids play critical roles in metabolism and overall health maintenance, accumulating evidence from animal studies have suggested that diets restricted in sulfur amino acids are associated with many health benefits including increased longevity and reductions in aging-related diseases and disorders. Since the initial study by Orentreich et al. in 1993 demonstrating that lifelong feeding of an amino acid-defined diet low in methionine as the sole sulfur amino acid source increased maximum life span in rats, similar methionine restriction interventions have been shown to delay aging in a number of animal and cell-based models. Further, low sulfur amino acid diets have been associated with reductions in body weight, adiposity, and oxidative stress, improved glucose metabolism, and beneficial changes in the levels of a variety of blood biomarkers, including insulin, glucose, leptin, adiponectin, insulin-like grown factor-1, and fibroblast growth factor-21. To date, there is little data regarding the potential long-term health benefits of low sulfur amino acid diets in humans. Thus, our goal was to investigate whether diets low in sulfur amino acids were associated with reductions in risk factors for cardiometabolic diseases in a nationally representative study population.Added value of this studyThis is the first epidemiologic study to explore the association between sulfur amino acid intake and cardiometablic disease risk in adults. The study population consisted of a large nationally representative cohort from diverse socioeconomic backgrounds. Composite risk scores based on a series of relevant risk factors, calculated either categorically or continuously, served as primary outcomes and resulted in similar associations with sulfur amino acid intake. Further, different methods were used to control potential confounding by protein intake. The findings can serve as novel scientific evidence for the potential establishment of new sulfur amino acid intake recommendations for optimal long-term health in adults.Implications of all the available evidenceOur findings of a positive relationship between sulfur amino acid intake and cardiometabolic disease risk are of significant public health importance given the high rates of these diseases and high intake of sulfur amino acids in many developed countries. These results, together with previous preclinical data provide strong evidence for a novel dietary approach for chronic disease prevention based on the reduction of sulfur amino acid intake. The finding that low sulfur amino acid diets are typically more heavily reliant on plant-derived proteins suggests that sulfur amino acid reduction may, in part, be responsible for health benefits associated with a plant-based diet and offer a feasible approach for reducing sulfur amino acid intake.Alt-text: Unlabelled box

1. Introduction {#sec0004}
===============

Extensive investigations in animal models have highlighted the role of sulfur amino acids (SAA) restricted diets in delaying the aging process and inhibiting the onset of aging-related diseases and disorders \[[@bib0001],[@bib0002]\]. Beneficial effects of dietary SAA restriction (SAAR) include life span extension [@bib0003], reductions in body weight and adiposity [@bib0004], reduced insulin resistance (IR), and positive changes in blood biomarkers including insulin, glucose, leptin, and adiponectin \[[@bib0002],[@bib0005]\].

As an essential dietary component, established nutritional requirement levels for total SAA include the Estimated Average Requirement (EAR) of 15 mg/kg/day (required for meeting the needs of half of the population of healthy adults) and Recommended Daily Allowance (RDA) of 19 mg/kg/day (12.2 mg/kg/day for methionine (Met) and 6.6 mg/kg/day for cysteine (Cys)) (required for meeting the needs of 97%--98% of the population of healthy adults) \[[@bib0006],[@bib0007]\]. However, nationally representative studies in the US indicate that the majority of adults consume diets that are well in excess of dietary SAA requirements \[[@bib0007],[@bib0008]\]. While most amino acids are thought to be relatively safe when consumed at typical dietary levels, there is accumulating evidence of negative health consequences linked with high intakes of both Met and Cys \[[@bib0009],[@bib0010]\]. In addition to laboratory animal studies showing health benefits of SAAR diets, toxicity associated with high levels of SAA intake include growth inhibition in laboratory animals [@bib0009] and elevated risk of cardiometabolic diseases, including type 2 diabetes and cardiovascular disease (CVD), which are associated with elevated homocysteine levels in animal models and humans \[[@bib0011],[@bib0012]\]. Overall, these and other studies have led Met and Cys to be considered among the most toxic amino acids \[[@bib0013],[@bib0014]\] with potential implications for enhanced risk for chronic diseases \[[@bib0012],[@bib0015]\]. However, to date, human data regarding SAA intake and disease risk are sparse.

To further investigate the hypothesis that lower consumption of SAAs is protective against the development of cardiometabolic diseases, we conducted a cross-sectional analysis among NHANES III participants of SAA intake in relation to relevant risk-related biomarkers in heart disease-free adults. In particular, we examined dietary intake of SAA in relation to serum levels of total cholesterol, HDL cholesterol, triglycerides, insulin, glucose, glycated hemoglobin, C-reactive protein (CRP), uric acid, and blood urea nitrogen (BUN) as well as blood pressure, and estimated glomerular filtration rate (eGFR).

2. Methods {#sec0005}
==========

2.1. Ethics {#sec0006}
-----------

Institutional review board approval is not required for secondary analysis using the NHANES data. The data collection process of the NHANES III has its own institutional review board and written and oral informed consent procedures [@bib0016].

2.2. Study population {#sec0007}
---------------------

NHANES III study participants were recruited from 1988 to 1994 as a nationally representative sample of the civilian, noninstitutionalized US population [@bib0017]. NHANES III was selected as subsequent NHANES datasets do not include SAA intake data. Participants gave informed consent and the study was conducted in accordance with principles of the Declaration of Helsinki. In NHANES III, each survey participant completed a household interview and underwent a physical examination [@bib0018]. We included individuals aged 18 years or older with complete data on diet, laboratory tests, and relevant covariates (*N* = 14,294). Because we were interested in risk factors contributing to CVD, we excluded 933 participants who had reported having either congestive heart failure, a heart attack, or who had reported they changed their diets due to a heart disease diagnosis. We also excluded 874 individuals who reported extreme daily energy intake (\< 800 or \> 4200 for males and \< 500 or \> 3500 for females); and 911 individuals who reported dietary intake of SAA below the EAR (15 mg/kg/day) \[[@bib0008] at baseline. After these exclusions, 11,576 NHANES III participants were included in the present analyses.

2.3. Dietary sulfur amino acid assessment {#sec0008}
-----------------------------------------

At the mobile examination center (MEC), anthropometric measurements were taken and MEC Questionnaire and 24-h Dietary Recall data were collected along with a variety of other tests and procedures as described previously [@bib0017]. Dietary information was obtained from in-person 24-h dietary recalls with use of a personal computer-based, automated, interactive data collection and coding system [@bib0017]. All MEC participants provided a single 24-h dietary recall including nutrients from foods and beverages, and a subsample of about 8% of participants provided a second 24-h dietary recall. The US Department of Agriculture Survey Nutrient Database (<http://www.cdc.gov/nchs/nhanes/nh3data.htm>) was used to calculate the total nutrient intakes based on the University of Minnesota Nutrition Coordinating Center nutrient database data. The nutritional assessment methodology for NHANES III was validated by the Nutrition Methodology Working Group, which consisted of National Center for Health Statistics staff with nutritional assessment expertise [@bib0018]. In the subset of subjects with two 24-h recalls, SAA intake was highly correlated between the two assessment days (*r* = 0.68). Because absolute Met and Cys intakes tend to be strongly correlated with overall energy and protein intake and with each other, exposures were assessed as absolute total SAA intake (mg/day) adjusted for total energy intake using the residual method [@bib0019]. In order to control for potential residual confounding from variation in protein intake, we further conducted a secondary analyses of SAA intake expressed as protein density (SAA intake as the percentage of total protein intake).

2.4. Biomarkers of cardiometabolic disease risk {#sec0009}
-----------------------------------------------

Cardiometabolic diseases are represented by a cluster of diseases including CVD, diabetes, and metabolic syndrome [@bib0020]. The primary outcome in this study was a composite cardiometabolic disease risk score, based on blood pressure, eGFR, and blood levels of total cholesterol, HDL cholesterol, triglycerides, insulin, glucose, glycated hemoglobin, CRP, uric acid, and BUN. Inclusion of each of these components is supported by the results of factor analyses which indicated a high degree of inter-correlation in the underlying patterns or structure of these variables \[[@bib0021],[@bib0022]\]. Blood biomarkers were analyzed as previously reported [@bib0018]. The eGFR was calculated by using the Chronic Kidney Disease Epidemiology equation [@bib0023]. Blood pressure was measured three times by trained personnel and recorded to the nearest even number according to a standardized protocol. The average of the three measurements was used in data analysis. Details about all laboratory procedures have been published in the NHANES III reference documents [@bib0018]. Biomarkers available in the NHANES III database, but excluded from the present analyses, include LDL cholesterol and lipids since only a smaller and less representative sample was available for these endpoints.

A cardiometabolic disease risk score was calculated based on the twelve risk factors described above. Risk scores were derived by standardizing the individual risk variables by regressing them onto age, sex, and race to account for any age/sex/race-related differences. For each of these variables, a Z score was computed as the number of standard deviation (SD) units from the sample mean after normalization of the variables, i.e., Z=\[value-mean\]/SD. The Z score was multiplied by −1 for HDL and eGFR since they are inversely related to cardiometabolic disease risk. The standardized residuals (Z score) for all twelve variables were summed to create a composite risk score. These variables were chosen based on their usage by the International Diabetes Federation and Adult Treatment Panel III as adult clinical criteria for metabolic syndrome \[[@bib0024],[@bib0025]\]. A higher risk score indicates a less favorable cardiometabolic profile.

For each of the variables, a dichotomous indicator was also created as a secondary outcome, reflecting those with "high-risk" values (assigned a score of "1") and "lower risk" values (assigned a score of "0"). Risk category cut-off values were based upon clinically accepted "high-risk" criteria: Serum level of cholesterol \>199 mg/dL [@bib0026], HDL cholesterol \<40 mg/dL [@bib0026], triglycerides \>149 mg/dL [@bib0027], insulin \>25 μU/mL [@bib0028], plasma glucose \>100 mg/dL [@bib0029], glycated hemoglobin \>5.7% [@bib0030], CRP \<1 mg/dL [@bib0018], BUN \>20 mg/dL [@bib0031], uric acid \>6.0 mg/dL [@bib0032], eGFR \<90 mL/min/1.73 m^2^ [@bib0033], systolic blood pressure \>130 mm Hg [@bib0034] and diastolic blood pressure \>80 mm Hg [@bib0034]. These indicator variables were then summed to create a composite cardiometabolic disease risk score with range from 0 to 12 (cumulative score).

2.5. Other variables {#sec0010}
--------------------

Age, sex, race/ethnic group (White, Black, and other), educational attainment (years), smoking status (ever smoked 100 cigarettes), poverty income ratio (components of family income and poverty threshold), physical activity (times/month) were self-reported. Height and weight were measured by using standardized methods, and body mass index (BMI) was calculated as weight divided by height squared. History of diabetes and hypertension were assessed by self-reporting, taking pills for such diseases, or changed diets because of such diseases. We included other dietary intake values as continuous covariates in our analyses including: alcohol, total fat, calcium, magnesium, sodium, potassium, vitamin A, vitamin C, vitamin B6, and folic acid. In addition, the Healthy Eating Index (HEI), a diet quality index that measures conformance to federal dietary guidelines [@bib0035], was calculated based on diet recall data to assess overall diet quality by SAA intake quintile. All data, including specimen collection for assay of cardiometabolic measures, measurement of body size and self-reported demographic information, were collected at the same visit. NHANES III was approved by the National Center Health Statistics Institutional Review Board. Written informed consent was obtained from all participants.

2.6. Statistical analysis {#sec0011}
-------------------------

We used SAS software version 9.4 (SAS Institute) for all statistical analysis. In addition to Met and Cys intake, total SAA intake was defined as the sum of the two individual SAA, Met and Cys. We generated quintile categories of absolute intakes of total SAA, Met, and Cys, and generated quintile categories of protein density intakes of total SAA. Means and proportions of baseline characteristics, as well as dietary nutrient intake, were compared across absolute SAA intake quintiles by using chi-square for categorical variables and analysis of variance (ANOVA) for continuous variables. Full adjusted participant risk scores (both Z score and cumulative score) were compared across quintile categories of SAA intake (both absolute intake and protein density intake) by using the SAS procedure PROC GLM. We also performed analysis of covariance (PROC GLM) to examine the relation between dietary SAA intake and the means of individual risk factors continuously, with adjustment for their potential confounders, including age, sex, race/ethnic, BMI (categorical), smoking status (yes or no), alcohol intake (g/day), and intake of total fat (g/day), calcium (mg/day), magnesium (mg/day), sodium (g/day), potassium (g/day), vitamin A (IU/day), vitamin C (mg/day), vitamin B6 (mg/day), and folic acid (mcg/day), as well as history of diabetes and hypertension. Tests for trends for each risk factor outcome were conducted by assigning the median value to each quintile category and including these values in multiple linear regression models as a continuous variable. The results would indicate whether there is a significant trends between quintile groups. To further test for the robustness of the findings, we conducted several secondary analyses by including participants who consumed SAA less than 15 mg/kg/day and excluding participants who had reported changing their diets due to hypertension and/or diabetes (437 participants). In addition, we added animal protein and vegetable protein as additional covariates in a sensitivity analysis.

3. Results {#sec0012}
==========

3.1. Baseline characteristics and dietary nutrient intake of healthy NHANES participants by quintiles of absolute SAA intake {#sec0013}
----------------------------------------------------------------------------------------------------------------------------

The 11,576 participants included in this study were representative of the over 99 million non-institutionalized US adults ≥18 years of age during the 1988--1994 survey period. Mean (± SD) SAA intake for the study sample was 2.83 ± 0.89 g/day with a median of 2.75 g/day. After accounting for body weight, the average intake of SAA (39.2 ± 18.1 mg/kg/day) was more than 2.5-fold higher than the EAR for adults (15 mg/kg/day) and, among participants in the highest SAA quintile, intake was over 4-times higher than the EAR. Selected baseline characteristics of participants according to quintiles of total dietary SAA (sum of energy-adjusted dietary Met and Cys) are provided in [Table 1](#tbl0001){ref-type="table"}. Baseline characteristics for intake of total SAA as expressed by protein density were similar to the absolute SAA intake, and are provided in Supplemental Table 1. All characteristics were significantly different by quintile except for smoking status and physical activity. Participants with higher SAA intake were more likely to be men of a race other than white, and have higher BMI, be less educated, and have a history of diabetes. [Table 2](#tbl0002){ref-type="table"} presents intakes of selected dietary nutrients of participants from the cohort according to quintiles of total dietary SAA. Higher SAA intake was positively associated with vitamin A, vitamin B6, folic acids, calcium, magnesium, total protein, and animal protein. Higher SAA intake was positively associated with intake of almost every type of food except grains, vegetables, and fruit. It is noteworthy that HEI values were lower among participants with higher SAA intake compared to those with lower SAA intake.Table 1Baseline characteristics by absolute total energy-adjusted SAA intake quintiles.Table 1CharacteristicsQuintile of total SAAs intakeQ1Q2Q3Q4Q5N23152315231623152315Total SAA, g/day[1](#tb1fn1){ref-type="table-fn"}  Median (range)1.50 (0.70 - 1.80)2.10 (1.80--2.30)2.60 (2.40--2.90)3.30 (2.90--3.70)4.50 (3.80--14.70)Total SAA, mg/kg/day[1](#tb1fn1){ref-type="table-fn"}  Median (range)20.1 (15.0--24.1)27.7 (24.1--31.6)35.5 (31.6--39.7)44.9 (39.7--51.7)62.7 (51.7--175.6)Age, years43.647.749.148.645.7BMI, Kg/m[2](#tb1fn2){ref-type="table-fn"}26.126.426.927.327.5Gender, %  Male49.037.839.744.757.7  Female51.062.260.355.342.3Race, %  White70.171.971.266.967.4  Black27.825.025.127.628.1  Other2.13.13.83.54.5Poverty Income Ratio [@bib0002]2.62.52.42.62.4Physical Activity, times/month11.97.87.57.48.1Education level, years11.811.311.111.011.0Smoked 100+ cigarettes, %53.246.647.548.852.4Alcohol intake, g/day15.77.04.95.26.0Diabetes, %3.54.87.010.411.0Hypertension, %30.934.736.237.935.0[^1][^2]Table 2Baseline nutrient intake in individuals by absolute total energy-adjusted SAA intake quintile.Table 2Nutrients IntakesQuintile of total SAAs intakeQ1Q2Q3Q4Q5N23152315231623152315Energy intake, kcal/day23531905183018822241Fiber intake, g/day19.116.916.516.618.1Total fat intake, g/day87.272.470.373.287.5Carbohydrate intake, g/day313245227221239Polyunsaturated:saturated fat ratio0.700.660.660.650.67Vitamin A intake, IU/day59435719586365027736Vitamin C intake, mg/day10792868893Vitamin B6 intake, mg/day1.71.51.61.82.3Folic acid intake, mcg/day282261265274312Calcium intake, mg/day721693719754863Magnesium intake, mg/day287256259275332Sodium intake, g/day3.33.13.03.24.0Potassium intake, g/day2.62.42.42.52.3Protein intake, g/day62637081117Animal protein intake, g/day34.739.045.957.791.3Vegetable protein intake, g/day25.923.322.922.825.4Grain, serving/day7.26.46.26.16.8Fruit, serving/day1.71.61.41.41.4Meat, serving/day1.41.61.92.44.0Vegetables, serving/day3.12.82.93.03.4Dairy, serving/day1.71.61.71.82.1Legumes, serving/day0.20.20.20.20.2Healthy Eating Index64.264.264.364.362.3

3.2. Cardiometabolic risk scores by quintiles of SAA intake {#sec0014}
-----------------------------------------------------------

The associations of total SAA, Met, and Cys intake and cardiometabolic risk score are presented in [Fig. 1](#fig0001){ref-type="fig"}. The continuous risk score was positively correlated with total SAA, Met, and Cys intake (P~trend~ \< 0.01). The risk scores for highest total SAA and Cys quintiles (3--5) were significantly higher than the lowest quintile (P~trend~ \< 0.01). The risk scores for highest Met quintiles (2--5) were significantly higher than the lowest quintile (P~trend~ \< 0.01). A positive relationship was additionally found for total SAA intake and cumulative cardiometabolic disease risk score (P~trend~ \< 0.01) ([Fig. 2](#fig0002){ref-type="fig"}), with the risk scores for highest total SAA quintiles (3--5) being significantly higher compared to the lowest quintile (*P* \< 0.01). In analyses that used protein density as the exposure, there was a marginally significant trend of increasing Z score with increasing total SAA intake with the exception of the highest quartile (P~trend~ = 0.06) (Supplementary Fig. 1). In sensitivity analysis where participants who consumed SAA less than 15 mg/kg/day were included, and where participants reported having changed their dietary habits due to hypertension and/or diabetes were excluded, total SAA intake was also positively associated with increased Z score (P~trend~ \< 0.01) (Supplementary Figs. 2 and 3, respectively). In sensitivity analyses where we added animal and vegetable protein intake as covariates, total SAA intake was also positively associated with increased Z score (P~trend~ = 0.05) (Supplementary Fig. 4).Fig. 1Relationship between mean composite cardiometabolic disease risk factor Z-score and intake quintile of total SAA (a), Met (b) and Cys (c). Composite risk factor Z-scores were calculated based upon individual continuous risk factors as described in text. Error bars are standard error values.Fig. 1Fig. 2Relationship between quintile of total SAA intake and mean cumulative categorical cardiometabolic disease risk score. Categorical risk scores were calculated as described in text. Error bars are standard error values.Fig. 2

3.3. Total SAA, Met, and Cys intake and specific cardiometabolic diseases risk factors {#sec0015}
--------------------------------------------------------------------------------------

Associations of total SAA intake with specific cardiometabolic disease risk factors are presented in [Table 3](#tbl0003){ref-type="table"}. Dietary intake of total SAA was positively associated with levels of glycated hemoglobin, eGFR, cholesterol, HDL cholesterol, glucose, uric acid, BUN, and insulin (P~trend~ ≤ 0.05). No associations between SAA intake and blood pressure and serum levels of triglycerides, CRP were observed (P~trend~ ≥ 0.10). All associations were similar for total SAA, Met and Cys except for eGFR which was not significant for Met (P~trend~ = 0.32) (Supplemental Tables 1 and 2).Table 3Adjusted geometric means of risk factors across quintiles of total SAA intake.Table 3Quintile of total SAA intake*P*-ValueRisk factorsQ1Q2Q3Q4Q5Q5 vs Q1TrendZ Score−0.60−0.27−0.070.290.64**\<0.01\<0.01**Serum cholesterol (mg/dL)Unadjusted203 (201--205)204 (203--206)204(203--206)207 (205--209)206 (205--208)0.07**\<0.01**Adjusted[\*](#tb3fn1){ref-type="table-fn"}203 (201--205)204 (203--206)204 (203--206)207 (205--209)207 (205--208)**0.04\<0.01**Serum HDL cholesterol (mg/dL)Unadjusted52.0 (51.4--52.6)52.1 (51.4--52.7)51.7 (51.0--52.3)51.4 (50.8--52.0)50.5 (49.8--51.1)**\<0.01\<0.01**Adjusted[\*](#tb3fn1){ref-type="table-fn"}51.2 (50.5--51.8)51.0 (50.4--51.6)51.3 (50.7--51.9)51.9 (51.3--52.4)52.3 (51.7--52.9)0.09**\<0.01**Systolic pressure (mmHg)Unadjusted126 (124--127)125 (124--127)126 (125--127)126 (125--126)126 (125--128)0.950.30Adjusted[\*](#tb3fn1){ref-type="table-fn"}125 (124--126)126 (125--127)127 (126--128)126 (125--128)125 (124--127)0.990.77Diastolic pressure (mmHg)Unadjusted75.0 (73.6--76.3)75.1 (73.8--76.4)75.8 (74.5--77.1)76.1 (74.8--77.4)75.4 (74.1--76.7)0.990.49Adjusted[\*](#tb3fn1){ref-type="table-fn"}74.6 (73.2--6.0)75.6 (74.3--76.9)76.3 (75.0--77.7)76.1 (74.8--77.4)74.7 (73.3--76.1)1.001.00Serum glucose (mg/dL)Unadjusted95.9 (94.5--97.2)96.8 (95.4--98.2)98.1 (96.7--99.5)101 (99.9--103)103 (102- 105)**\<0.01\<0.01**Adjusted[\*](#tb3fn1){ref-type="table-fn"}97.6 (96.3--98.8)99.1 (97.9--100)99.0 (97.8--100)99.5 (98.3- 101)100 (99.1- 102)**0.05\<0.01**Serum triglycerides (mg/dL)Unadjusted137(133--141)137 (132--141)136 (132--141)142(138--147)150(145--154)**\<0.01\<0.01**Adjusted[\*](#tb3fn1){ref-type="table-fn"}139 (135--144)141 (137--146)139 (135--143)140 (136--145)142 (137--146)0.950.28Glycated hemoglobin (%)Unadjusted5.39 (5.34--5.43)5.41 (5.36--5.45)5.50 (5.46--5.54)5.57 (5.53--5.61)5.67 (5.62--5.71)**\<0.01\<0.01**Adjusted[\*](#tb3fn1){ref-type="table-fn"}5.45 (5.41--5.49)5.47 (5.43--5.51)5.53 (5.49--5.56)5.51 (5.48--5.55)5.57 (5.54--5.61)**\<0.01\<0.01**Serum C-reactive protein (mg/dL)Unadjusted0.42 (0.39--0.45)0.45 (0.43--0.48)0.48 (0.45--0.51)0.45 (0.42--0.48)0.46 (0.43--0.49)0.430.16Adjusted[\*](#tb3fn1){ref-type="table-fn"}0.44 (0.40--0.47)0.45 (0.42--0.48)0.47 (0.44--0.50)0.44 (0.41--0.47)0.48 (0.45--0.51)0.370.11Serum uric acid (mg/dL)Unadjusted5.27 (5.21--5.33)5.15 (5.10--5.21)5.14 (5.08--5.20)5.32 (5.26--5.38)5.51 (5.45--5.56)**\<0.01\<0.01**Adjusted[\*](#tb3fn1){ref-type="table-fn"}5.17 (5.11--5.22)5.27 (5.23--5.32)5.24 (5.19--5.29)5.34 (5.29--5.39)5.37 (5.32--5.42)**\<0.01\<0.01**BUN (mg/dL)Unadjusted13.1 (12.9--13.3)13.6 (13.4--13.8)14.1 (14.0--14.4)14.7 (14.5--14.9)15.5 (15.3--15.7)**\<0.01\<0.01**Adjusted[\*](#tb3fn1){ref-type="table-fn"}13.1 (12.9--13.3)13.7 (13.6--13.9)14.3 (14.1--14.5)14.7 (14.5--14.9)15.3 (15.1--15.5)**\<0.01\<0.01**Serum insulin (μU/mL)Unadjusted10.5 (9.4--11.6)11.9 (10.8--13.0)11.6 (10.5--12.7)13.1 (12.0--14.2)14.3 (13.2--15.4)**\<0.01\<0.01**Adjusted[\*](#tb3fn1){ref-type="table-fn"}11.2 (10.1--12.4)12.5 (11.4--13.6)11.7 (11.6--12.8)12.4 (11.3--13.5)13.7 (12.5--14.8)**0.04\<0.01**eGFRUnadjusted69.2 (68.7--69.7)69.8 (69.3--70.4)69.9 (69.4--70.4)70.0 (69.5--70.5)69.8 (69.2--70.3)0.570.18Adjusted[\*](#tb3fn1){ref-type="table-fn"}69.2 (68.6--69.7)69.7 (69.2--70.3)69.8 (69.3--70.3)70.0 (69.4--70.5)70.0 (69.4--70.5)0.26**0.05**[^3]

4. Discussion {#sec0016}
=============

In a large cross-sectional study of US adults, we observed consistent associations between consumption of SAA, including Met and Cys together or individually, with higher prevalence of cardiometabolic disease risk factors. These associations were independent of traditional CVD risk factors, including BMI, diabetes, and hypertension. These outcomes are consistent with a plethora of data in laboratory animals showing beneficial effects of reduced SAA diets on cardiometabolic disease-related pathways \[[@bib0002],[@bib0004],[@bib0036],[@bib0037]\]. These new findings, together with previous preclinical data, highlight the importance of dietary SAA in the development of major chronic diseases and suggest that optimal intake levels of SAA for maintenance of long-term health are close to the minimum requirement values (RDA and EAR) and well-below those currently consumed by most adults.

The composite cardiometabolic disease Z score was used to assess disease risk clustering on a continuous scale based on it being statistically more sensitive and less error prone than dichotomous approaches [@bib0038]. We would expect that Z score would correlate well with the true level of cardiometabolic disease risk based on the nature of its subcomponent risk factors and the precise manner by which they are measured [@bib0039]. Results obtained from analysis of the composite score based on continuous risk factors were further confirmed when analyses were conducted using categorical risk factors. Because the primary exposure, dietary intake of SAA, is correlated with other nutrients including total energy and protein, we utilized an analysis approach which accounted for a variety of potential confounders. We also expressed dietary SAA intake not only as an absolute value, but also as protein density to control for total energy and protein intake. In this latter analysis, the relative intake of SAA independent of protein is addressed and the similarity of the results from both methods provides confidence in the positive associations observed between SAA intake and potential cardiometabolic risk.

When specific components of the composite risk factor were examined, we found that participants in the lowest SAA intake quintile had significantly lower levels of cholesterol, glucose, glycated hemoglobin, uric acid, BUN, insulin and eGFR. While there is limited previous data in this regard in humans, numerous animal studies have reported associations between SAAR and metabolic alterations associated with diabetes and metabolic syndrome [@bib0040], [@bib0041], [@bib0042]. The mechanism by which SAAR benefits glucose homeostasis and insulin sensitivity may be due to improvements in insulin secretion and its signaling pathway [@bib0043]. It has been suggested that by restricting SAA intake, reductions in Met metabolism and subsequent production of Cys and hydrogen sulfide (H~2~S) may act to combat the development of insulin resistance, an important factor in the pathogenesis of cardiometabolic diseases \[[@bib0044],[@bib0045]\]. Overall, improvements in the balance of glucose and insulin sensitivity by SAAR have been consistently observed in animal models \[[@bib0040],[@bib0046]\]. Our epidemiological findings are consistent with these dietary SAAR effects on glucose metabolism, demonstrating associations between lower SAA intake and reductions in serum glucose and glycated hemoglobin.

In the previously conducted animal studies, dietary SAAR was found to improve lipid metabolism and reduce body fat [@bib0042]. Rate-limiting lipogenic enzymes such as acetyl-CoA carboxylase 1, fatty acid synthase, and stearoly-CoA desaturase 1, were identified as transcriptional targets of SAAR leading to reductions in lipid accumulation [@bib0047]. Results from our current epidemiologic study showing associations between SAA intake and total cholesterol levels suggest that similar effects of low SAA diets on lipid metabolism may be occurring in humans. However, associations with HDL cholesterol are suggestive of an opposite effect regarding CVD risk. Also, no effects on serum triglycerides were observed, although, this finding could be impacted by inconsistentcies in fasting state prior to blood collection, resulting in higher variation and lower statistical power. Although participants were instructed to fast for 10--16 h prior to the examination, the instructions were not always followed uniformly.

In this study, no association was observed between SAA intake and blood pressure, an independent risk factor for CVD. This is consistent with findings from the Rotterdam Study [@bib0048] where no association was found between Cys intake and hypertension. In addition, CRP, the acute-phase protein reflecting inflammation and CVD risk, was not related with dietary SAA intake, and no data on high sensitivity CRP was available.

Our findings that dietary SAA intake was positively associated with serum uric acid, eGFR and BUN suggests that lower levels of SAA consumption is beneficial in regard to kidney function. This is consistent with previous studies in animal models where SAAR protected against the development of chronic kidney disease \[[@bib0046],[@bib0049]\]. While the mechanisms responsible for these SAA effects are not known, potential effects on mitochondrial oxidative stress [@bib0050] and glutathione (GSH) levels resulting from SAAR may be involved [@bib0051]. Overall, SAAR will likely have several chronic effects which could work together to reduce the risk for cardiometabolic disease processes.

There are some important distinctions between dietary SAAR studies in animal models and our present results in adult humans. Many of the animal studies were performed by initiating SAAR diets in young and growing animals, a stage of the lifespan where SAA requirements are high based upon the added needs for growth (e.g., 9.8 g/kg diet for rats) [@bib0052]. Consequently, the rather severe (\~80%) restriction in young animals led to intake levels far below their high requirements resulting in significant reductions in growth. However, when SAAR was initiated in adult animals where dietary SAA requirements are substantially lower (2.3 g/ kg diet), many if not most, of the same diet-induced beneficial effects were still apparent \[[@bib0053],[@bib0054]\]. These later studies, together with our present findings, provide support for optimal dietary SAA levels being as close to, but not below, dietary requirements (EAR). Since we observed significantly lower risk values in the first quintile compared with the fourth and fifth quintiles as well as a significant overall trend, we make the assumption that the lowest quintile represents optimal SAA intake. It is important to note that the EAR represents an average for the population and that some individuals may have somewhat higher requirements for maintenance of nitrogen balance. For this reason, the RDA value, which is designed to meet the needs of 97%--98% of the population may be a more appropriate target for the population at large.

It is of interest to note that SAA is naturally higher in most meats than in vegetables based on both the overall content of protein and the Met and Cys content of those proteins. This is consistent with our present findings of increasing meat:vegetable protein ratios with increasing SAA consumption. This suggests that a likely effective approach to reduce dietary SAA content may include increasing the intake of plant-based foods. In particular, by moderating the intake of legumes products and diluting total protein intake by ingestion of ample amounts of fruits and other foods, it would appear possible to maintain the 15--29 mg/kg/day SAA intake value observed in the lowest quintile of the current study. These results also suggest that reduced SAA intake may be, in part, responsible for beneficial health effects attributed to plant-based diets [@bib0055].

While an important strength of our study is the use of a nationally representative sample of CVD-free adults, there are several limitations that are worthy of consideration. Since residual confounding is a common and unavoidable issue in observational studies, we sought to minimize the influence of potential confounders by controlling for variables including major lifestyle, dietary risk factors, and health status. In addition, in the 8% of subjects with two separate days of recall data, calculated SAA intake values were highly correlated (*r* = 0.68) between the two days. Also, two different methods to estimate dietary SAA intake were used and both resulted in consistent associations between lower dietary SAA intake and lower risks for cardiometabolic diseases. Therefore, our observations are unlikely to be explained by chance, bias, or confounding. A limitation was a lack of any time dimension in assessing factors associated with cardiometabolic risk due to the cross-sectional design of the study. Because both the outcome and risk factors were examined at one point in time, we do not know whether these factors preceded or followed the onset of cardiometabolic risk. However, while the direction of causality cannot be established, it is biologically most plausible that dietary SAAR lowers cardiometabolic disease risk. In addition, estimation of an individual\'s usual intake from a single 24-h food recall may not accurately reflect habitual intake can potentially lead to miss-classification as well as potential selection and recall bias which could limit our ability to detect significant results. However, despite this limitation, significant associations were observed which, we believe, strengthen our confidence in the results obtained. Further, previous studies report that dietary patterns are moderately stable over time [@bib0056], [@bib0057], [@bib0058], [@bib0059]. Finally, as is often the case in observational studies, there exists the possibility for residual confounding despite our efforts to control for this possibility.

Altogether, these new findings indicate that high levels of SAA intake, observed in a high proportion of adults, are associated with increased cardiometabolic disease risk. These results are consistent with animal studies showing beneficial effects of an SAAR diet on these same pathways. These findings suggest that optimal levels of SAA intake may be close to EAR levels, much lower than levels consumed in the typical American diet. More prospective studies, preferably in populations with heterogeneous eating habits, as well as randomized controlled trails are needed to further clarify the potential role of lower SAA intake in the prevention of cardiometabolic diseases.
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[^1]: Values for SAA intake are not adjusted for energy.

[^2]: Poverty income ratio was computed as a ratio of two components: The numerator is the midpoint of the observed family income and denominator is the poverty threshold based on the age of the family reference person and the calendar year in which the family was interviewed.

[^3]: Note: adjusted for age (continuous), gender, total energy intake (kcal/day), smoking status (yes/no), alcohol intake (g/day) and BMI (categorical), total fat (g/day), calcium (mg/day), magnesium (mg/day), sodium (g/day), potassium (g/day), vitamin A (IU/day), vitamin C (mg/day), vitamin B6 (mg/day) folic acid (mcg/day) intake, diabetes, and hypertension history.
